Recent attention focused on fuel cell electric vehicles (FCEVs) has created demand for the construction of hydrogen supply stations for FCEVs throughout the world. The hydrogen pressure supplied at the supply stations is intentionally high to increase the FCEVs driving mileage. Water electrolysis can produce clean hydrogen by utilizing electricity from renewable energy without CO 2 emission to the atmosphere when compared with the industrial fossil fuel reforming process. The power required for high-pressure water electrolysis, wherein water is pumped up to a high-pressure, may be less than the power required for atmospheric water electrolysis, wherein the produced atmospheric hydrogen is pumped by a compressor, since the compression power for water is much less than that for hydrogen-gas. In this study, the ideal water electrolysis voltage of up to 70 MPa and 250 • C is estimated by referring to both the results of LeRoy et al. up to 10 MPa and 250 • C, and the latest steam tables. Using this high-pressure water electrolysis voltage, the power required to produce high-pressure hydrogen by high-pressure water electrolysis is estimated to be about 5% less than that required for atmospheric water electrolysis, assuming compressor and pump efficiencies of 50%.
Introduction
In recent years, the attention focused on high-efficiency and low-polluting fuel cell vehicles has increased demand for hydrogen as a vehicle fuel. Many countries are investigating the compression of hydrogen up to 700 atm (1 atm = 0.101325 MPa) to increase the volume of on-board hydrogen at experimental hydrogen supplying stations. There are various methods of manufacturing hydrogen, including fossil fuel reforming, saltwater electrolysis, and water electrolysis. The present study focuses on water electrolysis for manufacturing hydrogen from water without the use of fossil fuels. Recently, water electrolysis performance has improved through the use of polymer electrolyte membranes, which have improved energy efficiency beyond conventional alkali water electrolysis [1] . In polymer electrolyte water electrolysis at atmospheric pressure, water electrolysis cell characteristics, such as current and temperature distributions in the cell, are being investigated experimentally and analytically in regard to the effects of overvoltage and saturated water vapor [2] . High-pressure water electrolysis up to 100 atm has been studied by LeRoy et al. [3] , who give equations for electrolysis voltage of KOH aqueous solution considering an effect of saturated water vapor pressure.
Since less power is generally required to compress liquid water than to compress gaseous hydrogen, it is reasonable to conclude that the preparation of high-pressure hydrogen by electrolysis of previously prepared high-pressure water would require less power than using a compressor to compress gaseous hydrogen obtained through water electrolysis at atmospheric pressure. In referring to the water electrolysis voltage equations presented by LeRoy et al., we have calculated the ideal energy for water electrolysis from 1 to 700 atm without regard to the effects of overvoltage or saturated water vapor, and prepared basic data for showing the effectiveness of high-pressure water electrolysis. Although LeRoy et al. have considered the latent heat of water vapor saturating the generated hydrogen and oxygen in their calculation of the electrolysis voltage, the influence of saturated water vapor at high-pressure is negligible because the effect of saturated water vapor decreases in inverse proportion to the operating high-pressure of water electrolysis. Furthermore, since the overvoltage is reduced similarly to fuel cells when the operating pressure of solid polymer water electrolysis is increased, this aspect is also beneficial [4] . In this report, the power needed to compress hydrogen produced by atmospheric water electrolysis to 700 atm, and the power required to operate a high-pressure water pump for high-pressure water electrolysis are calculated, and then the power requirements for low-pressure water electrolysis and high-pressure water electrolysis are compared. However, only the ideal power to electrolyze water without any overpotential loss is used to estimate the production power of high-pressure hydrogen, because it is difficult to estimate realistic electrolyzing power due to the lack of experimental data for high-pressure water electrolysis.
Basic equations of energy for water electrolysis

Basic equations of energy
Energy is produced when stoichiometric amounts of gaseous hydrogen and oxygen react with each other to produce liquid water, as shown in Eq. (1). In the case of polymer electrolyte membrane fuel cells, electrochemical reaction as shown in Eq. (2) proceeds at the hydrogen electrode, and reaction as shown in Eq. (3) proceeds at the oxygen electrode. In Eq. (2), two electrons are required for one hydrogen molecule
The exothermic heat generated by Eq. (1) is called the enthalpy of formation − H, which is described by other thermodynamic quantities as shown in Eq. (4). The Gibbs energy − G in Eq. (4) can be converted to electrical energy while the entropy heat −T S is released as heat. In Eq. (4), T and t represent temperature in K and • C, respectively, and p represents pressure in atm 
where F represents the Faraday constant (96,485 (C/mol)), and n represents the number of electrons (n = 2 according to Eqs. (2) and (3) The discussion above pertains to an ideal case without any loss, but in practice, losses by reaction, diffusion and resistance are inevitable, i.e. so-called overvoltage η is produced to form the realistic V-I curve shown in Fig. 1 . η increases in conjunction with an increase in electrical current. When 2Fη = −T S during electrolysis, external heat does not need to be supplied because the electrical energy participates in both − G and −T S. This point (V t,p = − G/2F − T S/2F ) is called the thermo-neutral voltage, and is also equal to − H/2F. In this report, referring to the equations presented by LeRoy et al., we determine the change in pressure and temperature of the water electrolysis voltage E t,p and enthalpy voltage V t,p as shown below to discover the ideal electrolysis power under high-pressure disregarding the overvoltage caused by various losses.
The enthalpy of water formation − H(t, 1) and Gibbs energy of water formation − G(t, 1) at 1 (atm) and t ( • C) can be expressed by Eqs. (7) and (8) below [5] 
where H i (t, 1) and G i (t, 1) represent the enthalpy and Gibbs energy of chemical species i at t ( • C) and 1 (atm), respectively, and can be described by the specific heat of chemical species i (H 2 , O 2 , H 2 O) as shown later. The enthalpy of water formation − H(t, p) and Gibbs energy of water formation − G(t, p) at t ( • C) and p (atm) can be represented by Eqs. (9) and (10)
where H i (t, p) and G i (t, p) can be determined using the steam table and virial constant in the state equation of hydrogen and oxygen described later [3] .
Temperature change of ∆H and ∆G [5]
H and G change depending on the temperature, and are calculated using the specific heat of hydrogen, oxygen and water. The temperature change of enthalpy H i (t, 1) and entropy S i (t, 1) of chemical species i are represented by 
Items a through e in the above equations are specific heat coefficients, which are values from the Electrochemistry Handbook [5] , and are shown in Table 1 . Since the adaptable range of specific heat coefficients for water in Table 1 is 25-100 • C, data from the steam tables [6] were used for calculations above 100 • C, as described later. The consistency between the Electrochemistry Handbook and the steam tables was adequate for water up to 100 • C. H i (T) calculated by Eq. (11) was substituted in Eq. (7) to get the temperature change of H(t, 1). The temperature change of G(t, 1) was calculated by Eqs. (4), (11) 
The compatibility of Eqs. (7) and (13), and the compatibility of Eqs. (8) and (14) were adequate as described later.
Pressure change of ∆H and ∆G [3]
Since the pressure effects are not described in the Electrochemistry Handbook, we follow the controlling equation presented by LeRoy et al. When the state equations of hydrogen and oxygen use the virial constants B and C, the 
where R is the gas constant (atm cm 3 /(mol K)), and p is pressure (atm). Since the units of H(t, p) and G(t, p) in Eqs. (15) and (16) are (atm cm 3 /mol), 1 (atm cm 3 /mol) can be converted to 0.101325 (J/mol). The virial constants B and C are approximated in the following equations as functions of temperature
The values of coefficients b 1 , b 2 , c 1 , and c 2 used in the above equation are shown in Table 2 for oxygen and hydrogen. The pressure range for LeRoy et al. is 1-100 atm, but since the data for up to 1000 atm are included in the managed virial constant, Eqs. (17) and (18) are assumed applicable in the present study up to 700 atm. Since the steam tables covers a wide range of pressure changes in H(t, p) and S(t, p) for water, these values were used in this study. With regard to water production reaction in fuel cells, H, G, and S have been described as negative in accordance with convention. However, in the present study as described below, the values of H, G, and S are described as positive, avoiding complexity, to predict the hydrogen manufacturing power by water electrolysis. [5] and by JANAF [7] , as shown in Table 3 . These values are shown in Table 4 as voltages. In Table 3 , there are differences in the fourth and fifth decimal places. However, in the voltage table of Table 4 , the values round off to four decimal places and match up to the fourth place. Since values are expressed at 1 bar (10 5 Pa) in JANAF, these values were revised at 1 atm in Table 4 by Eq. (19) [5] G (10
Numerical results of temperature and pressure change of H and G
Standard enthalpy
5 Pa, T) = G (1 atm, T) − 0.1094T (J/mol) (19)
Temperature change of ∆H and ∆G
The temperature change of enthalpy voltage V t,1 is shown in Table 5 and Fig. 2 , and the change in electrolysis voltage E t,1 is shown in Table 6 and Fig. 3 . JANAF is omitted here since it closely agrees with the Electrochemistry Handbook. When the values by LeRoy et al. are compared with those by the Electrochemistry Handbook, both agree closely, and it is clear that both V t,1 and E t,1 fall with a rise in temperature. 
Pressure change of ∆H and ∆G
When determining the pressure change of H and G by LeRoy et al. or our data, the discrepancy is only due to the difference in the publishing year of referred steam tables. To determine the degree of error, the pressure change of V 25,p at 25 • C is shown in Table 7 and Fig. 4 two at V 25,p − V 25,1 is small below approximately 0.01 mV, the pressure change of V 25,p and E 25,p above 100 atm can be calculated with adequate reliability. Therefore, the electrolysis power under high-pressure is predicted in a later chapter using these data.
Pressure and temperature change of ∆H and ∆G
As the pressure change of V 25,p and E 25,p were confirmed to be consistent with those by LeRoy et al. up to 100 atm, we calculated the pressure change of V t,p above 100 atm, and this, along with the temperature change, is shown in Table 9 and Fig. 6 , where the portions with no data at 250 • C indicate that liquid water is nonexistent in this range. Temperature change of V t,1 for t ( • C) and 1 atm was first calculated Table 9 Change of enthalpy voltage V T ,p by pressure and temperature using Eq. (13). Then finding H(t, p) of hydrogen and oxygen using Eq. (15) and H(t, p) of water using the steam tables, the pressure change of V t,p at t ( • C) was calculated. Table 9 shows that pressure has a smaller effect upon V t,p than temperature.
Pressure and temperature change of E t,p are shown in Table 10 and Fig. 7 . Just as for V t,p , the temperature change of E t,1 for t ( • C) and 1 atm was first determined by using Eq. (14). Then finding G(t, p) of hydrogen and oxygen by Eq. (16) and G(t, p) of water by the steam tables, the pressure change of E t,p at t ( • C) was calculated. Pressure exerts a large effect upon E t,p up to approximately 100 atm, but above 100 atm voltage changes little even when pressure increases. Table 10 reveals that when 25 • C water is used for high-pressure water electrolysis, voltage increases about 90 mV at 100 atm and about 110 mV at 400 atm in comparison with voltage at 1 atm. In the above, while temperature and pressure changes of V t,p and E t,p were calculated from 25 • C at 1 atm up to t ( • C) followed by changes up to p (atm), the results were the same even when the changes up to p (atm) were first calculated followed by the changes up to t ( • C).
Electrolysis power considering gas compressor and water pump power
Taking into consideration the temperature and pressure changes, we were able to measure, as mentioned above, the ideal power W ele,t,p for high-pressure water electrolysis at t ( • C) and p (atm). To measure the actual production power of high-pressure hydrogen by water electrolysis, the power for the gas compressor W comp and for the liquid pump W pump were calculated. Essentially the realistic power for high-pressure water electrolysis should be considered including overpotential losses, but we used the ideal electrolyzing power due to the lack of overpotential data. Using the compressor and pump power, the hydrogen production power at a water flow rate of 1 mol/s was calculated as described below for high-pressure water electrolysis after water was pressurized using a high-pressure pump (W pump + W ele,25,p ), and for compression of hydrogen-gas after atmospheric water electrolysis (W ele,25,1 + W comp ). First the power W comp (W) required to compress electrolytic hydrogen was calculated using the following equation
where Q N represents the intake-gas volume flow rate (N m 3 /h), p 2 the discharge pressure (Pa), κ the ratio of specific heat (−), and z the compressibility factor (−). In this calculation, hydrogen of T = 298.15 K, p 1 = 0.101325 MPa, Q N = 80.7 m 3 /h (corresponding to a water flow rate of 1 mol/s), κ = 1.4, and z = 1 was compressed by a four-stage compressor with an adiabatic efficiency assumed parametrically to be 25, 50, and 75%. The recent test data of four-stage hydrogen compressor for 40 MPa and 30 N m 3 /h showed about 50% adiabatic efficiency. Next, water pump power W pump (W) was calculated using the following equation
where h represents the water head (m), q the water flow rate (m 3 /s), ρ the water density (kg/m 3 ), and g the gravitational acceleration (m/s 2 ). Pump power was estimated also at efficiencies of 25, 50, and 75%. Table 11 and Fig. 8 show pressure changes for W pump + W ele,25,p and W ele,25,1 + W comp . The numbers in parenthesis on the chart represent water pump power, and those in brackets represent hydrogen-gas compressor power. At 50% Values in ( ) represent water pump power at η = 50%; and in [ ], hydrogen compressor power at η = 50%. efficiency, the power for high-pressure water electrolysis (W pump + W ele,25,p ) was about 4% and about 5% less than the power for atmospheric water electrolysis (W ele,25,1 + W comp ), at 100 and 400 atm, respectively.
Conclusion
Based on the research by LeRoy et al., we have estimated temperature changes up to 250 • C and pressure changes up to 70 MPa for ideal hydrogen production power (enthalpy changes and Gibbs energy changes) of water electrolysis using polymer electrolyte membranes. Water electrolysis voltage at high-pressure decreases as temperature rises, and while it increases as pressure increases, the increase is found to be small at pressure above 20 MPa. Also, water electrolysis power is estimated for both cases of high-pressure water electrolysis after pressurizing the water (W pump +W ele,25,p ), and of hydrogen-gas compression after atmospheric water electrolysis (W ele,25,1 +W comp ), examining the relative merits of highly pressurizing liquid water and hydrogen-gas. When water pump and hydrogen-gas compressor efficiencies are assumed to be 50%, it is found that hydrogen can be produced with about 5% less power using high-pressure water electrolysis than that required using atmospheric water electrolysis.
